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We have investigated the low temperature specific heat properties as a function of magnetic field 
in the strongly correlated layered cobalt oxide [BiBao.6eKo.36 2]Co02. These measurements reveal 
two kinds of magnetic field dependent contributions in qualitative agreement with the presence 
of a previously inferred magnetic Quantum Critical Point (QCP). First, the coefficient of the low 
temperature T 3 behavior of the specific heat turns out to sizeably decrease near a magnetic field 
consistent with the critical value reported in a recent paper. In addition, a moderate but signifi- 
cant enhancement of the Sommerfeld coefficient is found in the vicinity of the QCP suggesting a 
slight increase of the electronic effective mass. This result contrasts with the divergent behavior 
of the previously reported Pauli susceptibility. Thus, a strongly enhanced Wilson ratio is deduced, 
suggesting efficient ferromagnetic fluctuations in the Fermi liquid regime which could explain the 
unusual magnetic field dependent specific heat. As a strong check, the high magnetic field Wilson 
ratio asymptotically recovers the universal limit of the local Fermi liquid against ferromagnetism. 



PACS numbers: 71.27.+a 

Transition metal oxides have demonstrated over the 
last decades how the strong correlations could lead 
to unanticipated electronic properties. Outstanding 
examples^ are superconducting cuprates, manganitcs 
with their colossal negative magnetoresistance^, vana- 
dates displaying the Mott metal-insulator transition 3 - and 
the layered cobalt oxides which exhibit an unexpected 
large thermopower at room temperature^. Most of these 
oxides share in common that they are doped Mott insu- 
lator, i.e. their metallicity originates from the introduc- 
tion of charge carriers by doping, otherwise the strong 
Coulomb repulsion would localize electrons to form a 
Mott insulating stated. Belonging to this class of mate- 
rials the layered cobalt oxides have revealed, besides their 
enhanced room temperature thermopower—, a very rich 
phase diagram as well as striking properties^— including 
large negative magnetoresistance in some compounds 10 , 
or giant electron-electron scattering in Nao^CoO^ii. In- 
terestingly, the latter observation have already led to 
conjecture a possible influence of a magnetic QCP in 
the aforementioned compound. Density functional cal- 
culations have also predicted at the local spin-density 
approximation level weak itinerant ferromagnetic state 
competing with weak itinerant antiferromagnetic state, 
favoring then quantum critical fluctuations^. 

Within this context, susceptibility measurements have 
recently demonstrated in the strongly correlated layered 
cobalt oxide [BiBa .66Ko.3602]Co02 the existence of a 
magnetic quantum critical point governing the electronic 
properties^ 3 -. The investigated susceptibility x have re- 
vealed a scaling behavior with both the temperature T 
and the magnetic field B ranging from a high-T non- 



Fermi liquid down to a low-T Fermi liquid. In the lat- 
ter Fermi Liquid regime, the Pauli susceptibility has ex- 
hibited a divergent behavior with a power law depen- 
dence as x « b~ 06 with b=B-Bc which measures the 
distance from the QCP and the critical magnetic field 
Be ~0.176 T. While several scenarios could explain this 
result, this behavior may in particular originate from 
either an enhancement of the electronic effective mass 
due to the vicinity of the QCP or because of the pres- 
ence of efficient ferromagnetic fluctuations increasing the 
Pauli susceptibility by a Stoner factor. In order to put 
these scenarios under experimental test, we have inves- 
tigated the low temperature specific heat properties as 
a function of magnetic field in the layered cobalt oxide 
[BiBao.66Ko.3602]Co02 which we report on in this arti- 
cle. 

Similarly to Na x Co02, the structure of the layered 
cobalt oxide [BiBao.66Ko.3602]Co02 (abbreviated there- 
after BBCO) contains single [C0O2] layer of Cdl2 type 
stacked with four rocksalt-type layers, instead of a 
sodium deficient layer, which act as a charge reservoir—. 
The reported measurements have been performed on a 
single-crystal with a mass of 35 mg which was grown 
using standard flux method 15 . The specific heat has 
been determined with a calorimeter of a Quantum De- 
sign physical properties measurement system using a re- 
laxation method with a temperature rise of the order of 
2% of the sample temperature. It is worthy to note that 
the calorimeter, including the thermometers have been 
calibrated with each magnetic field up to 9 T. In addi- 
tion, all the measurements have been duplicated without 
the sample for each magnetic field in order to compensate 
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both the temperature and magnetic field dependences of 
the grease used to ensure a good thermal contact between 
the sample and the calorimeter platform. We also men- 
tion that the calorimeter's parameter which indicates the 
quality of the thermal contact between the sample and 
the platform, the so-called sample coupling, has remained 
between 97% and 100% during each measurement below 
100 K, ensuring thus the reliability of the results. 
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FIG. 1: (Color online) Temperature dependence of the single- 
crystal specific heat compared with a simulation of the spe- 
cific heat including an electronic part as C e ;=7T, and a part 
due to phonons resulting from the numerical integration of 
Eq[T] The former is caracterized by the Sommerfeld coef- 
ficient 7 «20.1 mj mol -1 K -2 and the latter by the Debye 
temperature T_d = 123 K. The inset exhibits the low tempera- 
ture linear regime of C/T as a function of T 2 . 

Figure [1] displays the temperature dependence of the 
specific heat over the range from 300 K down to 1.9 K 
on a double logarithmic scale in order to show both the 
low and the high temperature behaviors. As frequently 
observed, the main part of the specific heat originates 
from the acoustic and the optical phonons. While the 
latters mainly contribute at the highest temperatures, 
the formers lead to the usual dependence as C'^f ebye ~ (3 
T 3 which results from the low temperature expansion of 
the following equation according to the Debye model. 



ClXe = 9N ^b ( 
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Here, is the Avogadro's number, kg is the Boltz- 
mann constant and To the Debye temperature which 
can be related to the low temperature T 3 behavior as 
/3=127r 4 N J 4„k>3/5T 3 :) . In addition to the phonons contri- 
bution, the electronic part of the specific heat is expected 
to vary linearly with temperature as C e ;=7T, with the 
Sommerfeld coefficient 7, as long as T is lower than the 
Fermi temperature T^. By integrating numerically Eq. 
[TJ the two aforementioned contributions are found to ac- 
count for the low temperature dependence of the mea- 
sured specific heat in Fig. [T]with 7 «20.1 mJ mol -1 K -2 



and Td=123 K. Since the Sommerfeld coefficient is pro- 
protional to the electronic effective mass, the previous 
rather large value illustrates the presence of sizeable elec- 
tronic correlations renormalizing the latter mass as ob- 
served in several parent compounds. 

On the other hand, the inset in Fig. [1] reveals the lin- 
ear regime of C/T as a function of T 2 below 6 K with 
the corresponding coefficient f3 wl.05 mJ mol _1 K~ 4 ac- 
cording to T/> It must here be emphasized that the 
found parameters are consistent with the previously re- 
ported speficic heat data measured in a polycrystalline 
parent compound 14 . Interestingly, the inset also displays 
what could be a sign of an anomaly around 6-7 K in 
analogy with the one observed quite recently in suscep- 
tibility measurements^ 3 -. Nevertheless, its magnitude is 
not enough pronounced to be firmly ascribed to any elec- 
tronic instability and thus, this requires more experimen- 
tal investigations in order to precise its meaning. 

For now, let us turn to the magnetic field dependences 
of the low temperature specific heat. The magnetic field 
has been applied perpendiculary to the C0O2 planes with 
a magnitude lying within the range up to 9 T. As dis- 
played in Fig. [2] by substracting magnetic field depen- 
dent Sommerfeld coefficient to C/T as a function of T 2 , 
it turns out that the slope significantly decreases when 
the field is lowered from 9 T down to 1 T. Concomi- 
tantly, the temperature interval associated with the lin- 
ear regime follows also this reduction suggesting then a 
possible magnetic field dependent cross-over. 
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FIG. 2: (Color online) Low temperature dependences of the 
single-crystal specific heat as C/T-7 for selected values of the 
magnetic field spanning the investigated range. Note that 
magnetic field dependent Sommerfeld coefficient has been 
substracted to C/T in order to isolate the variations of the 
slope. The dotted lines are guides to the eyes. 

Since the phonons part of the specific heat could hardly 
explain such a magnetic field dependence, this result 
likely suggests another contribution of electronic type. 
Such a behavior could at least be ascribed to two kinds 
of phenomenon leading to similar temperature depen- 
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dences than the phonons, namely with a T 2 power law 
for C/T but including nonanalyticy and with a negative 
sigr>i&. Therefore, the linear T 2 regimes observed in Fig. 
[5] could result from both the standard phonons contri- 
bution and another part magnetic field dependent which 
here reduces the slope as the field is lowered from 9 T 
down 1 T. 

The first scenario involves the finite temperature cor- 
rection to Fermi liquid theory due to strong interactions 
between electrons and predicts a temperature dependent 
Sommerfeld coefficient as 7(T)— 7 oc-g3T 2 ln(T), where 
g3 is a peculiar coefficient in three dimension a 17 ' 18 , with 
the zero temperature Sommerfeld coefficient 7. Since the 
magnitude of this correction is of the order of (T/Tp) 2 , 
it could increase if the Fermi temperature decreases with 
the magnetic field. Within the frame of this interpre- 
tation, a decrease of the Fermi temperature could re- 
sult from an enhancement of the electronic correlations. 
Therefore, the latter should implies an increase of the ef- 
fective mass and the Sommerfeld coefficient should follow 
this enhancement too. 

The other scenario is concerned with the paramagnon 
model used to describe itinerant electrons near ferro- 
magnetic instability^ 7 -^. Due to some formal analogies 
between the analysis realised within the finite tempera- 
ture corrected Fermi liquid theory and the paramagnon 
model, a similar temperature dependence as 7(T)— 7 oc- 
gspmT 2 ln(T) is found, with the corresponding coefficient 
gspin- In contrast to the first scenario, the latter model 
involves electronic spin-spin interactions and leads to a 
coefficient g sp in proportional to a Stoner factor poten- 
tially enhanced in the vicinity of a ferromagnetic insta- 
bility. It is worthmentioning that these kinds of correc- 
tion to the specific heat have been widely discussed in 
the contexts of liquid 3 H o 20 i 21 and also heavy fermions 
compounds^ 2 -. 

To further proceed the analysis, the effective slope of 
the T 2 regime, namely /?*, and the Sommerfeld coeffi- 
cients have been systematically determined within the in- 
vestigated magnetic field range and are reported in Fig. 
[3l As a result, Fig. [3^ reveals a non monotonic mag- 
netic field dependence of /3* with first a decrease down 
to nearly 0.5 T followed by an increase with B as already 
exemplified in Fig. [2] The magnetic field dependence 
of 7 exactly displays in Fig. [3]d the complementary be- 
havior with a broad maximum around 0.5 T, instead of 
the minimum of /3*. Since these two parameters are not 
determined independently, the latter figure also shows 
the experimental values of C/T measured at the lowest 
temperature. As a strong check, the magnetic field de- 
pendence of these experimental values is qualitatively the 
same than for 7 ensuring thus that these behaviors orig- 
inate from a physical effect and are not an artefact of 
the procedure. One must here emphasize that the ob- 
served variations are rather moderate, especially those of 
7 which could be a sign of a logarithmic magnetic field 
dependence as expected in the case of a nearly ferromag- 
netic Fermi liquid^. Note that such a weak renormal- 
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FIG. 3: (Color online) Magnetic field dependences of (a) the 
effective slope /3* and (b) the Sommerfeld coefficient 7 which 
is compared with the specific heat as C/T measured at the 
lowest temperature (1.9 K). The dotted lines are guides to 
the eyes. 

ization is also theoretically predicted in the vicinity of a 
magnetic quantum critical point within some scenarios of 
the Hertz-Millis theor y 23 i 24 . Anyway, Fig. [3J5 suggests a 
slight enhancement of the electronic effective mass near a 
magnetic field which is roughly consistent with the criti- 
cal value determined from susceptibility measurements 13 . 
Therefore, the behaviors of 7 and (3* seem to be related 
to the magnetic quantum critical point inferred from sus- 
ceptibility measurements. 

In order to discriminate these scenarios, let's com- 
bine the specific heat results with the previously reported 
Pauli susceptibility. Indeed, within the Landau's Fermi 
liquid theory the electronic correlations renormalize the 
quasiparticles effective mass, and then enhance both the 
Pauli susceptibility and the Sommerfeld coefficient. For 
a non-interacting Fermi gas, the former quantity writes 
Xo=/J''b9f and the latter ~fo=(Tr 2 /3)k B gp, with the Bohr 
magneton hb and the density of states at the Fermi level 
qf- One can therefore define a dimensionless quantity 
known as the Wilson ratio R\y 25 : 

K w — 

3/4 7 

Thus, it immediately follows that Riy= 1 for the free 
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electrons. Here, by using the determined values of both 
the Pauli susceptibility and the Sommerfeld coefficient 
as respectively displayed in the inset of Fig. |4] and Fig. 
|3Jd, the Wilson ratio is found to reveal in Fig. 2] a strong 
enhancement up to Kw ~8atB = 0.5T, namely in the 
vicinity of the QCP. 




FIG. 4: (Color online) Magnetic field dependence of the di- 
mensionless Wilson Ratio Kw~^ 2 /S (fcs/ps) 2 x/f- The in- 
set displays the magnetic field dependences of both the mag- 
netization M_dc measured at 1.9 K (left axis) and the sus- 
ceptibility x (right axis) inferred from a numerical differenti- 
ation of Mdc and used in the Wilson Ratio. Note that the 
magnetic field has been applied perpendiculary to the C0O2 
planes. The dotted lines are guides to the eyes. 

In addition, the values of this ratio seem to saturate 
above B^7 T down to Rw—2 and appear thus, always 
higher than the free electrons one. To interpret these fea- 
tures, it is now instructive to give a more precise insight 
into the Landau Fermi liquid theory. Besides the dimen- 
sionless Fermi liquid mass enhancement m* concerning 
both x Xo m * an d 7 = 70 m*, the Pauli suscepti- 
bility in equation [5] is additionally renormalized by one 
of the first Landau parameters Fq as the Wilson ratio 
accordingl y 21 ^ 6 . 
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Whereas the Landau parameters can hardly be theoret- 
ically predicted, some of their asymptotic behaviors can 
be inferred in the case of the Local Fermi Liquid (LFL) 27 . 
Characterized by a momentum independent self energy, 
the LFL allows to recover some of the essential features 
of the Kondo model described by Wilson 2 ^ as well as 
some of the Fermi liquid properties obtained within the 
framework of the dynamical mean field theory 5 . 

In the Landau theory, one can relate the Landau 
parameters _F ; s,a to the scattering amplitudes Al' a = 



Fi' a J (1 + Fj*' a j (21 + 1)) by performing a standard spher- 
ical harmonic analysis, where the upperscripts s and a 
respectively refer to the spin-symmetric and the spin- 
antisymmetric parts. Also, because of the momentum 
independence of the LFL self energy, the only non van- 
ishing aforementioned parameters are of s-wave type, 
namely with 1=0. It results that the forward scatter- 
ing sum rule E; (Af + Af) = simplifies to Aq = —Aq. 
Thus, by considering the unitarity limit with the scat- 
tering amplitude Aq — > 1, one deduces the asymptotic 
behaviors for the remaining Landau parameters Fq — > 00 
and Fq — > —1/2. Following equation [3J the Wilson ratio 
lies between 1, for the free electrons limit, and 2 as long 
as the LFL is robust against ferromagnetic or metal in- 
sulator instabilities 27 . Interestingly, the latter universal 
limit Rw=2 appears to be achieved in Fig. [U suggest- 
ing then that a Local Fermi Liquid regime is reached 
in this system above B«7 T. Since the susceptibility re- 
mains Pauli-likc within the Fermi Liquid regime, one in- 
fers efficient ferromagnetic fluctuations which destabilize 
the LFL regime below B«7 T and strongly increase the 
susceptibility values due to a Stoner-like enhancement^! 
in the vicinity of the QCP. Let's finally emphasize that 
besides the close analogy between the scaling properties 
of the susceptibility measured in this compound^ and 
in the heavy fermion system YbPJ^Sio.gsGeo.os)^, the 
found Wilson ratios are also qualitatively identical. In 
both system, Rjy displays a strong enhancement in the 
vicinity of the QCP and recovers a constant value at high 
magnetic field which however numerically differs accord- 
ing to the system. In particular, the Wilson ratio can 
reach values as high as 17.5 in the aforementioned heavy 
fermion compound 28 , 3-4 in CeCu6 and CeR^Si^, 10 
in SraRuaOA 6-8 (Pd), 12 (TiBe 2 ) or even 40 (Ni 3 Ga) 
in nearly ferromagnetic metals^. 

As a result, the values of the Wilson ratio are clearly 
in favor of a magnetic field induced nearly ferromagnetic 
Fermi liquid. They also indicate that the high magnetic 
field dependence of the specific heat coefficient /?* in Fig. 
[3^ can be mainly ascribed to ferromagnetic spin fluctua- 
tions. Moreover, both the magnetic field dependences of 
(3* and 7 are qualitatively consistent with the presence of 
a QCP. The latter could therefore originate from a com- 
petition between ferromagnetic fluctuations and antifer- 
romagnetic interactions at low magnetic field as assumed 
from susceptibility measurements^. Further experimen- 
tal investigations are now required in order to precisely 
characterized the complex low magnetic field regime. 
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